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Abstract O 



Dysfunctional endothelium is associated with and, likely, predates clinical complications of diabetes 
mellitus, by promoting increased vascular permeability and thrombogenicity. Irreversible advanced 
glycation end products (AGEs); resulting from nonenzymatic glycation and oxidation of proteins or lipids, 
are found in plasma, vessel wall, and tissues and have been linked to the development of diabetic 
complications. The principal means through which AGEs exert their cellular effects is via specific cellular 
receptors, one of Which, receptor for AGE (RAGE), is expressed by endothelium. We report that 
blockade of RAGE inhibits AGE-induced impairment of endothelial barrier function, and reverses, in 
large part, the early vascular hyperpermeability observed in diabetic rats. Inhibition of AGE- and 
diabetes-mediated hyperpermeability by antioxidants, both in vitro and in vivo, suggested the central role 
of AGE-RAGE- induced oxidant stress in the development of hyperpermeability. Taken together, these 
data support the concept that ligation of AGEs by endothelial RAGE induces cellular dysfunction, at least 



1 of 13 



3/21/00 7:57 AM 



JCI - Wautier et al. 97 (1): 238 



http://vv^jci.org/cgi/content/full/97/l...ID_NOT_SET&FIRSTINDEX=&vo 



in part by an oxidant-sensitive mechanism, contributing to vascular hyperpermeability in diabetes, and that 
RAGE is central to this pathologic process. (J. Clin. Invest 1996. 97:238-243.) 

Key words: diabetes; permeability; glycation; advanced gly cation end product; immunoglobulin 
superfamily receptor 



Introduction D 

Exposure of proteins or lipids to reducing sugars results in nonenzymatic glycation and oxidation. 
Initially, reversible early glycation adducts, Setoff bases and Amadori products, form on free amino 
groups (1). Further complex molecular rearrangements produce irreversible advanced glycation end 
products (AGEs): 1 heterogeneous structures of yellow-brown color, characteristic fluorescence, and a 
propensity to form cross-links, which generate reactive oxygen intermediates and interact with specific 
cellular receptors (I). The presence of AGEs in tissue has been linked to development of vasculopathy, 
especially in the setting of diabetes (L 2). AGE-modified adducts on long-lived proteins in extracellular 
matrix alter basement membrane structure by trapping plasma macromolecules and by increasing vessel 
wall rigidity through formation of cross-links (3). The principal means through which AGEs influence 
cellular properties is by binding to specific receptors (4), the best characterized of which is the receptor 
for AGEs (RAGE), a member of the immunoglobulin superfamily expressed by endothelial cells (ECs), 
smooth muscle cells, and mononuclear phagocytes (7), cells central to both vascular homeostasis and the 
pathogenesis of vascular lesions. A potential role for RAGE in vascular dysfunction is suggested by two 
lines of evidence: (a) engagement of AGEs by cellular RAGE affects critical properties of these cells in a 
manner contributory to vascular dysfunction (4); and (b) there is enhanced expression of RAGE in 
diabetic vasculopathy and in arteriosclerotic and other vascular lesions, such as inflammatory vasculitides 
(8). 

Increased vascular permeability is characteristic of diabetic vasculopathy (9), even at the earliest stages in 
which microalbuminuria may be the only harbinger of vascular complications yet to come (10). As ECs 
are the critical guardians of vascular barrier function, we postulated that AGEs in plasma or the 
subendothelium would promote vascular hyperpermeability by interacting with RAGE. We demonstrate 
that when diabetic rat red cells bearing AGEs are infused into normal animals, increased vascular 
permeability results, an effect which is prevented by blockade of RAGE. Hyperpermeability in 
streptozotocin-induced diabetic rats was largely prevented by infusion of soluble RAGE (sRAGE), the 
extracellular domain of the membrane-anchored receptor, which blocks binding of AGEs to cell surface 
RAGE (4). Since one of the principal consequences of AGE-RAGE interaction is the induction of cellular 
oxidant stress (2, JJ_), we postulated that hyperpermeability in diabetes might be due, at least in part, to 
involvement of AGE-RAGE-dependent oxidant-sensitive pathways. Consistent with this hypothesis, 
hyperpermeability due to the presence of AGEs or diabetes itself, both in vitro and in vivo, was prevented 
in the presence of antioxidants. These data indicate the potential impact of AGE-RAGE interaction on 
vascular dysfunction underlying diabetic complications and suggest that inhibition of this interaction might 
constitute a novel, potentially useful therapeutic target. 
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Methods D 

Human diabetic red cells, cultured ECs, and in vitro permeability assays. Blood was obtained from 
normal subjects and patients in accordance with provisions of the declaration of Helsinki and with the 
rules of our institution. Normal volunteers were from the Blood Transfusion Center, and diabetic patients 
were hospitalized in the Department of Internal Medicine for diabetes control. The group of patients (n 
= 1 8 each for the normal and diabetic subjects) was comparable in terms of age (mean age 42±4 yr for 
normal patients and 47.8±6 yr for diabetic patients). The mean duration of diabetes was 6.8±2.2 yr, and 
fasting blood glucose and hemoglobin A, levels were 13.9±1.5 mmol/liter and 13.7±0.9% (diabetic 

patients) and4.6±0.4 mmol/liter and 5.1±0.6% (normal subjects), respectively. Cultured bovine aortic 
ECs, prepared as described (12), were used ft* 7 d after reaching confluence (based on morphologic 
criteria and baseline permeability measurements; most cultures were used 7 d after confluence was 
achieved) on nucleopore membranes (12, 13). ECs were incubated with either normal or diabetic RBCs 
for 24 h, washed with minimal essential medium, and then permeability was studied in minimal essential 
medium containing fetal calf serum (10%) by adding 125 I-albumin (67 jxg/ml; 5.8 x 10 9 cpm/mg; 
reference 13) or 3 H-inulin (4.06 mg/ml; 246 mCi/gram) to the upper chamber, and emergence of 
radioactivity in the lower chamber was determined over the next 24 h at 37°C (there was no hydrostatic 
or oncotic gradient between upper and lower chambers). AJiquots of medium (5 were sampled from 
top and bottom chambers every 10 min over the first hour and at 1, 2, 4, and 24 h (final volume of 
medium in the chamber varied by < 10% during the experiment) to determine a permeability coefficient 
(P): P = J-1/A-1/C T - C B ; where J is the flux of molecules across the filter; A is the surface area; and C is 

the concentration of tracer in top (C T ) and bottom (C B ) chambers (13). Postconfluent monolayers 

displaying a permeability coefficient > 6.5 x 10" 7 cm/s (for 125 I-albumin) or > 5 x 10" 6 cm/s (for 
3 H-inulin) were excluded. Where indicated, ECs were pretreated for 16 h with vitamin E (100 ng/ml) or 
probucol (50 |iM) at 37°C before and during incubation with diabetic red cells (24 h). 

Preparation of RAGE and antisera. RAGE was purified from rat lung by the same procedure described 
for bovine RAGE and migrated withM r ft* 30,000 on reduced and nonreduced SDS-PAGE, 

corresponding to that expected for the extracellular domain (the latter has been termed sRAGE; analysis 
of tryptic peptides has shown only extracellular sequences to be present [4]). sRAGE binds AGE ligands 
and competes with cell surface RAGE for such ligands (4). sRAGE, radioiodinated by the lactoperoxidase 
method (7.2 jiCi/ nmol; reference 14), was shown to maintain its AGE-binding activity and to have 
unchanged migration on SDS-PAGE. Monospecific, blocking polyclonal antibodies to RAGE were 
prepared in rabbits and IgG was purified from immune serum on protein A-Sepharose (14). Nonimmune 
IgG was similarly prepared and F(ab ) 2 fragments were made as described (15). 

In vivo permeability studies. In vivo permeability studies were performed by infusing diabetic or normal 
red cells into syngeneic normal or diabetic rats. Diabetic RBCs for transfusion studies were prepared from 
male Wistar rats (CERJ, Laval, France) weighing ft* 200 grams (at the start of the experiment). Rats were 
treated with streptozotocin (45 mg/kg; Sigma Immunochemicals, St. Louis, MO) intravenously (all 
invasive procedures were done under appropriate anesthesia), and animals were maintained for 9-11 wk 
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before experiments. Glycemia in diabetic rats was 35-40 mmol/liter, four to six times higher than that of 
their normal counterparts. Erythrocytes were collected by puncture of the lower abdominal aorta from 
each group of animals (normal/diabetic) into dextrose (2.4%), citric acid (0.73%), sodium citrate (2.2%) 
(two parts anticoagulant to eight parts blood). Blood was centrifiiged to remove plasma and buffy coat, 
and packed RBCs were washed and infused (4.2 x 10 9 cells/animal) into normal rats (vol = 0.5 ml). 
Normal rats received either diabetic or normal red cells from syngeneic animals alone, or also were 
administered sRAGE, anti-RAGE IgG, nonimmune IgG(or F[ab ] 2 derived from the nonimmune IgG), or 

native albumin. In other studies, diabetic rats received one of the above proteins by a single intravenous 
infusion. Permeability in normal and diabetic rats was determined using the tissue-blood isotope ratio 
(TBIR) (16) method with 51 Cr-labeled RBCs (specific radioactivity of 1.5 x 10 6 cpm/ml; 0.33 ml/animal) 
(16) and 125 I-albumin (5.8 x 10 9 cpm/mg; 5.1 x 10 7 cpm/ kg; radiolabeled as described for AGE 
albumin) (17) according to the formula [ 125 I/ 51 Cr (tissue)] [ 125 I/ 51 Cr (blood)]" 1 , where 125 I/ 51 Cr is the 
ratio of radioactivity in tissue versus that in an arterial blood sample harvested before excising the heart 
(16). Where indicated, normal animals were pretreated with probucol (25.8 ^ig/kg body weight dissolved 
in 0. 1 ml ethanol; intravenous) 30 min before the infusion of diabetic red cells, or diabetic animals were 
treated with probucol (25.8 ng/kg body weight dissolved in 0. 1 ml ethanol; intravenous) daily for 5 d 
before time of killing and determination of TBIR. In both cases, control infusions with 0.1 ml ethanol 
were without effect on the parameters of hyperpermeability (data not shown). 



Results D 

Diabetic RBC-induced perturbation of cultured EC barrier function. AGE-modified structures, whether 
present on plasma proteins or diabetic red cells, display increased adhesivity for endothelium because of 
their binding to cell surface RAGE (4, 17). Exposure of postconfluent cultured ECs to RBCs harvested 
from diabetic patients increased diffusional transit (permeability) of macromolecular tracers ( lzJ I-albumin 
and 3 H-inulin in Fig. I, A and 5, respectively) across cell monolayers compared with normal red cells, 
which were comparable with untreated controls. This diminution of endothelial barrier function was 
dependent on the concentration of added diabetic red cells (Fig. 1 A) and resulted from their interaction 
with endothelial RAGE, as it was completely inhibited by anti-RAGE IgG in a dose-dependent manner, 
but not by nonimmune IgG (Fig. I Q. These concentrations of anti-RAGE IgG were comparable with 
those shown previously to block binding of diabetic red cells to endothelium (17). Similar studies in which 
sRAGE was added to mixtures of diabetic RBCs and ECs also demonstrated prevention of diabetic red 
cell-induced endothelial hyperpermeability in a dose-dependent manner (Fig. 1, B and C; these 
concentrations of sRAGE block enhanced binding of diabetic RBCs to endothelium [17]). 

Fig. 1. Effect of diabetic red cells on the barrier function of cultured 
EC monolayers. {A and B) Effect of diabetic versus normal red cells 
on diffusional transit of 125 I-albumin (A) or 3 H-inulin (B) across EC 
monolayers. Postconfluent bovine aortic ECs were incubated for 24 h at 37°C with medium alone (O) or 
in the presence of RBCs from normal human volunteers (N [RBCs from six patients]) or diabetic patients 
(DM [RBCs from six patients]). Two concentrations of red cells (2.5 x 10 9 and 4 x 10 9 cells/ml) were 
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used in experiments with 125 I-albumin (A), and sRAGE (30 ng/ml) was used in the study with 3 H-inulin 
(B). (Q Effect of anti-RAGE IgG and sRAGE. EC monolayers were incubated with normal red cells 
alone (solid bar, Medium) or medium containing diabetic red cells (hatched bars) with either no further 
addition, or anti-RAGE IgG (ol-RAGE), nonimmune IgG (M), or sRAGE as indicated in the figure. 
Permeability of monolayers to l25 I-albumin was determined as above. The results are presented as 
mean±SEM (n = 7). Statistical analysis in A was made using two-way ANOVA to compare the 
permeability of ECs in the presence of normal or diabetic red cells. The difference at 2.5 * 10 6 and at 
4 x 10 6 RBC between normal and diabetic red cells was statistically significant (*P < 0.05 and 
**P < 0.01, respectively). Statistical analysis in B and C was performed using one-way ANOVA to 
compare the results of permeability obtained with diabetic RBCs to other experimental conditions 
followed by the parametric Dunnetts' test. In B, sRAGE reduced the permeability significantly 
(*P < 0.05); and in C, sRAGE and anti-RAGE IgG (high dose versus low dose) reduced the permeability 
significantly (**P < 0.01 and *P < 0.05, respectively). Values obtained with endothelial monolayers 
exposed to RBCs harvested from normal rats were the same as those with ECs exposed to medium alone. 
In- al! cases, red cells from either six norma! or six diabetic individuals were used in each experiment. 
[View Larger Version of this Image Q5K GIF file)] 



Infusion of diabetic RBCs into normal rats induces vascular hyperpermeability: inhibition by blockade 
of RAGE. Our observations in cell culture led us to predict that diabetic RBCs would increase vascular 
permeability in vivo. Red cells from rats rendered diabetic by streptozotocin were infused into syngeneic 
nondiabetic animals. Such diabetic RBCs have been shown previously to display moderately shortened 
survival after transfusion into normal rats, in large part corrected by blockade of RAGE (17). Animals 
transfused with diabetic RBCs manifested increased permeability in a range of organs, determined by 
TBIR, as compared with controls receiving the same number of normal RBCs (Fig. 2 A). No increase in 
hemolysis was observed in rats infused with diabetic red cells, based on release of hemoglobin or 51 Cr 
from radiolabeled red cells (data not shown). Permeability in rats infused with normal RBCs was 
unchanged from that in untreated animals. A central role for the interaction of diabetic RBCs with RAGE 
in mediating this perturbation of vascular function was illustrated by the inhibitory effect of pretreatment 
with anti-RAGE IgG (Fig. 2 A\ which completely blocked increased permeability in the various organs; 
the same amount of nonimmune IgG or F(ab / ) 2 prepared from nonimmune IgG had no effect. As an 

alternate means to affect RAGE blockade, animals receiving diabetic red cells were pretreated with 
sRAGE, which also completely reversed vascular hyperpermeability (Fig. 2 B), Infusion of the same 
amount of nonglycated albumin or nonimmune IgG in place of sRAGE had no effect on permeability. 
These data indicate that AGE-RAGE interaction is an important contributing factor to the increased 
permeability observed after infusion of diabetic red cells. 

Fig. 2. Infusion of diabetic rat red cells into syngeneic rats increases 
vascular permeability: effect of RAGE blockade. (A) Comparison of 
normal and diabetic red cells: effect of anti-RAGE IgG. Red cells were 
prepared from streptozotocin-treated rats after 9-1 1 wk of diabetes 
and were transfused into normal rats. 1 h later, TBIR was determined by infusing 125 I-albumin and 
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51 Cr-labeled normal rat red cells. Where indicated, anti-RAGE IgG(7 mg/kg) was infused 1 h before the 

transfusion. Infusion of nonimmune IgG (7 mg/kg) was without effect on vascular permeability. (B) Effect 

of sRAGE. Normal rats were infused with diabetic red cells as above (A) after pretreatment with sRAGE 

(5.15 mg/kg) or normal red cells. The results are presented as mean±SEM. In all cases, six rats were used 

for each experimental condition. One-way ANOVA followed by Dunnett f s test was used to analyze the 

data from each organ. *P < 0.05 and **P < 0.01. 
[View Larger Version of this Image (18K GIF file)] 



sRAGE diminishes hyperpermeability in streptozotocininduced diabetic rats. The critical question was 
whether blockade of RAGE would modulate the increased permeability observed in diabetic animals (17). 
The only means to achieve specific RAGE blockade was to use sRAGE, as anti-RAGE IgG had a 
selectively toxic effect in diabetic animals (this was not anticipated by previous results in normal rats; Fig. 
2 A). Studies were first performed to assess the plasma half-life and tissue deposition of sRAGE in order 
to determine its suitability for RAGE blockade in diabetic animals. 125 I-Labeled rat sRAGE infused 
intravenously into the juguiar vein resulted in haif-iives of 2L7i0.43 and 2.55±0.43 h for the elimination 
and distribution phases, respectively, in diabetic animals (Fig. 3 A; half-lives for normal animals are also 
shown). The longer halflife in diabetic versus normal animals may reflect binding of sRAGE to 
intravascular AGEs, though this will require further study to prove. Radiolabeled sRAGE accumulated in 
various organs, especially the kidney (Fig. 3 B). sRAGE in plasma and tissues appeared intact, as it was 
precipitable in trichloroacetic acid and SDS gel electrophoresis/autoradiography revealed a major band at 
M x « 30,000 (data not shown). These data suggested that sRAGE could mediate blockade of RAGE for 

several hours after its intravenous administration, indicating that it is a pharmacologically reasonable and 
feasible intervention in this model. 

Fig. 3. Infusion of sRAGE; effect on vascular permeability in diabetic 
rats. (A) Kinetics of 125 I-sRAGE disappearance from plasma of 
normal and diabetic rats. Normal rats or rats rendered diabetic with 
streptozotocin (as above; rats were used 9-11 wk after induction of diabetes) were infused with 
125 I-sRAGE (10 7 cpm; sample volume < 0. 1 ml), and blood samples were taken at the indicated times. 
Plasma sRAGE concentration data were fit to a two-compartment open model using nonlinear regression 
by extended least-squares analysis (Siphar; SDVtED, Creteil, France). To assess the "goodness of fit," 
residual analysis (an examination of the standard deviation) was performed. In addition to the likelihood 
test, Akaike, Leonard, and Schwarz criteria were tested to select the most appropriate model (26). t 1/2 Az 

1 f\ c 

and t 1/2 Xi denote half-lives for elimination and distribution, respectively. (B) Deposition of lzJ I-sRAGE in 

tissues. Normal or diabetic rats were infused with rat 125 I-sRAGE as above, and animals were killed after 
48 h. Organs were solubilized, radioactivity was determined (cpm/mg dry tissue weight), and total 
radioactivity in all organs evaluated (brain, kidney, lung, spleen, intestine, aorta, vena cava, heart, liver, 
and skin) was assigned a value of 100%. Percentage of deposited radioactivity in selected organs is shown 
in normal and diabetic animals (mean of duplicates). (C) Diabetic animals were infused with sRAGE (2.25 
or 5.15 mg/kg) and TBIR was determined as described above. The results of permeability measurements 
in normal animals are shown for comparison (infusion of sRAGE had no effect on TBIR in normal 
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controls). The results are presented as mean±SEM (normal, n = 8; diabetic, n = 1 1; diabetic plus sRAGE, 
n = 6). One-way ANOVA followed by Dunnetts' test was used to compare diabetic rats either untreated 
or treated with sRAGE. Data for each organ were analyzed separately. *P < 0.05; **P < 0.01. Infusion of 
nonimmune IgG or nonglycated albumin into diabetic rats had no effect on permeability (data not shown). 

[View Larger Version of this Image 03K GIF file)] 



Rats rendered diabetic by treatment with streptozotocin were studied 9-1 1 wk after the development of 
diabetes (plasma glucose levels of 30-40 mM, compared with nondiabetic controls, plasma glucose level 
of 5 mM), and displayed increased vascular permeability in a similar manner and distribution to that 
observed previously (16). Changes in permeability were most marked in diabetic intestine, skin, and 
kidney, being 2.8-, 3-, and 2.8-fold increased, respectively, compared with nondiabetic controls. Diabetic 
rats were infused with sRAGE at two different doses (2.25 and 5.15 mg/kg), as this was expected to 
achieve plasma concentrations in the range of 10-30 and 40-60 ^g/ml, respectively, over the first 3 h (Fig. 
3 Q. At the lower dose of sRAGE, increased vascular leakage was completely blocked in diabetic 
intestine and skin, and largely blocked (£3 60% inhibited) in the kidney. At the higher dose of sRAGE, 
Kyperpermeability was blocked in intestine and skin, and ftf 90% in kidney. Reversal of increased 
permeability in diabetic animals was achieved within 1 h of sRAGE administration (Fig. 3 Q. Control 
diabetic rats infused with nonimmune IgG or nonglycated albumin at the same concentrations as sRAGE 
showed no change in vascular permeability (data not shown). 

Diabetic vascular hyperpermeability and oxidant stress. The rapid effect of sRAGE (within 1 h) in 
inhibiting diabetic hyperpermeability suggested the involvement of short-lived moieties, such as reactive 
oxygen intermediates, species likely associated with immediate perturbation of endothelial function. To 
test the hypothesis that AGE-RAGE/diabetes-mediated hyperpermeability was due, at least in part, to 
oxidant-sensitive mechanisms, we performed in vitro and in vivo experiments of permeability in the 
presence of antioxidants. Pretreatment of ECs with vitamin E or probucol prevented increased 
permeability of the monolayers to 125 I-albumin in the presence of diabetic red cells (Fig. 4 A). Similarly, 
pretreatment of ECs with probucol prevented increased monolayer permeability to ^H-inulin upon 
incubation with diabetic red cells (Fig. 4B). Extension of these studies to the in vivo models presented 
above revealed nearly complete reversal of hyperpermeability in the organs after infusion of diabetic red 
cells into normal rats in the presence of probucol (Fig. 4 Q. Furthermore, treatment of diabetic rats with 
probucol significantly reduced hyperpermeability in a range of organs (Fig. 4 D). 



Fig. 4. Effect of antioxidants on hyperpermeability induced by diabetic red cells on the barrier function of 
cultured EC monolayers (A and E) and on hyperpermeability induced by infusion of diabetic red cells (C) 
and in diabetes (D). {A and B) Effect of vitamin E and/or probucol on diftusional transit of l25 I-albumin 
(A) or 3 H-inulin (B) across EC monolayers. Postconfluent bovine aortic ECs were incubated for 24 h at 
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37°C with normal red cells (N) or diabetic red cells (DM) in the presence or absence of 16 h of 

preincubation with vitamin E (100 ng/ml) and/or probucol (50 |aM) as indicated in the figure and 

permeability measured by diffiisional transit of 125 I-albumin (A) or 3 H-inulin (B). Red cells from six 

patients were used in each case per experimental condition. Data were analyzed by two-way ANOVA 

followed by Dunnetts' test (A) and Student's unpaired / test (B). *P < 0.05 and **P < 0.01. (Q Normal 

rats were infused with diabetic red cells alone as above or in the presence of probucol (25.8 ng/kg body 

wt dissolved in ethanol, 0. 1 ml; intravenous). Six rats were used in each condition, and statistical analysis 

of data was performed using one-way ANOVA followed by Dunnett's test. *P < 0.05. (D) Diabetic 

animals, prepared as described in the text, were infused with probucol for 5 d (25.8 ng/kg body wt 

dissolved in ethanol, 0. 1 ml; intravenous) and permeability was then assessed by TBIR. Data were 

analyzed by one-way ANOVA followed by Dunnetts' test. *P < 0.05. Six rats were used per experimental 

condition. In C and Z), control experiments with infusion of ethanol (0.1 ml) alone were without effect on 

hyperpermeability (data not shown). 

[View Larger Versions of these Images 03 + 19K GIF file)] 



Discussion 0 

The formation of irreversible AGEs on plasma proteins or cellular elements is a long-term consequence of 
hyperglycemia (1). Our data suggest a receptor-dependent mechanism through which AGEs perturb 
central homeostatic properties of endothelium to increase vascular permeability. Although other 
mechanisms, such as accumulated products of the polyol pathway, may also contribute to perturbation of 
vascular barrier function in diabetes (16), our results underscore a central role for AGE-RAGE 
interaction. Both sRAGE and antiRAGE IgG virtually restored dysfunctional barrier function in all the 
organs in normal animals infused with diabetic red cells, and sRAGE blocked hyperpermeability in 
diabetic animals. Anti-RAGE IgG could not be used because of selective toxicity in the diabetic animals 
only. We can only speculate on the mechanisms underlying this finding with respect to receptor regulation 
in diabetes, but these considerations certainly form the basis for present and future investigation in this 
area. 

These data further suggest that central to the mechanism of AGE-RAGE interaction in the development 
of hyperpermeability is the involvement of oxidant- sensitive pathways. The surprisingly rapid reversal of 
hyperpermeability in diabetic animals after administration of sRAGE (within 1 h) suggests that labile 
mediators are likely involved in ongoing cellular dysfunction. One such mediator could be reactive oxygen 
species. Previous work (JJ_) has established that binding of AGEs to RAGE induces endothelial oxidant 
stress (4, IT), based on generation of thiobarbituric acid-reactive substances, increased heme oxygenase 
1 mRNA levels, and activation of the transcription factor NF-kB, each of these events being blocked by 
anti-RAGE IgG or antioxidants. Furthermore, oxidant stress in other contexts has been associated with 
diminished EC barrier function (20). Given the inhibitory effect of antioxidants on hyperpermeability in 
these studies, it is likely that oxidant stress, mediated by AGE-RAGE interaction, is central in the 
development of ongoing, chronic vascular dysfunction. 



8 of 13 



3/21/00 7:57 AM 



JCI -Wautier et al. 97 (1): 238 



http://wwwjci.org/cgi/content/full/97/!. ..ID_NOT_SET&FIRSTINDEX=&volume=97&issue=l 



In this context, previous clinical studies have correlated plasma markers of oxidant stress and EC 
perturbation in diabetes with both vascular dysfunction and subsequent vascular complications (21). 
Alternatively (or in addition), the pathogenetic effect of AGEs could also be indirect, such as by induction 
of cytokines (e.g., tumor necrosis factor-cc) (22) or growth factors (vascular permeability factor/vascular 
endothelial growth factor). Although mechanisms underlying increased permeability in diabetes are likely 
to be complex, with contributions from hemodynamic, endothelial cell, and basement membrane 
perturbations Q3, 23, 24) differing across the spectrum of organs (for example, kidney versus intestine) 
and changing with duration of disease, the reversal of vascular leakage by blockade of RAGE and 
antioxidants emphasizes a critical role for AGE-RAGE interaction. Indeed, our studies were performed 
after ~ 12 wk of diabetes, and a component of the vascular leak observed is likely to be reversible at this 
stage versus that observed in animals with more long-standing diabetes. 

Our results prompt further questions concerning intracellular signal transduction mechanisms activated by 
AGE-RAGE interaction. They emphasize the importance of evaluating efficacy of RAGE blockade in 
diverse diabetic models of vascular disease, including animals diabetic for longer periods of time and 
whose glucose levels are regulated by exogenous insulin to more closely simulate those in clinical 
diabetes, and point to the need for experiments to determine the duration of physiologic consequences of 
blocking RAGE. In this context, sRAGE probably acts by binding to soluble and tissue-bound AGEs, 
potentially blocking its interaction with RAGE as well as other potential AGE-binding proteins (5, 6, 25), 
although these data point to a significant role for RAGE in view of the protective effect of anti-RAGE 
IgG which directly binds to the receptor. These data constitute a first step in delineating the contribution 
of RAGE to a known diabetic complication, i.e., hyperpermeability, an important pathogenetic 
mechanism in the development of diabetic vasculopathy. Furthermore, we suggest that blockade of RAGE 
provides a novel target for therapeutic intervention in diabetic vascular complications. 
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